Transmission ratio distortion (TRD) is defined as a significant departure from expected Mendelian ratios of inheritance of an allele or chromosome. TRD is observed among specific regions of the mouse and human genome and is frequently associated with chromosome rearrangements such as Robertsonian (Rb) chromosomes. We intercrossed mice heterozygous for a (7.18) Rb translocation and genotyped chromosomes 7 and 18 in 1812 individuals, 47% of which were informative for chromosome segregation. We substantiated previous findings that females were less likely than expected to transmit the Rb chromosome to their offspring. Surprisingly, however, we report that heterozygous males transmitted the Rb translocation chromosome significantly more frequently than the acrocentrics. The transmission of the Rb chromosome was not significantly influenced by either the sex of the Rb grandparent or the strain of the Rb.
M
ENDEL's law of segregation mandates the equal humans (Hamerton et al. 1975 ; Nicolaidis and Petertransmission of each allele at each locus of a son 1998; Pardo-Manuel de Villena and Sapienza chromosome, ensuring the maintenance of the proper 2001c) with Rb (13q14q) and (14q21q) being the most chromosome number during meiosis. Transmission rafrequent (Therman et al. 1989) . tio distortion (TRD) is the unequal representation of alSeveral genomic regions in the mouse have been assoleles or chromosomes (Pardo-Manuel de Villena and ciated with TRD, including the Om locus on mouse chroSapienza 2001a). The resulting deviations from a 1:1 mosome 11 in the offspring of both sexes and on the X Mendelian transmission ratio have been observed in chromosome in female offspring (Pardo-Manuel de Vilboth human and mouse, but the mechanisms involved lena et al. 2000) . In humans, non-Mendelian transmisare not well understood.
sion of chromosome 13 and the X chromosome has been TRD is frequently associated with chromosomal reardocumented (Naumova and Sapienza 1994; Naumova rangements such as Robertsonian (Rb) (Croteau et al. 2002) . son and Akeson 1993). Human Rb translocations occur Studies of imprinted regions of the human (Naumova among the acrocentric chromosomes 13-15, 21, and 22 et al. 2001 ) and mouse genome (Croteau et al. 2002 ) (Bandyopadhyay et al. 2002 . Rb translocations are suggest that problems associated with resetting of imthe most common form of structural rearrangement in printing may be a cause of allele preference. The imprinted Meg3/Gtl2-Dlk1 region of mouse chromosome 12 elicits a TRD resulting from postimplantation loss of 1 was D7Mit25 and D18Mit14 was used for chromosome 18 genostood but imprinting of one or more genes may not be typing. Genotyping was performed as in Oakey et al. (1995) .
properly maintained or appropriately recognized (Cro- (W) indicates that one of the chromosomes is preferentially transand C57BL/6JEi-Rb(7.18)9Lub (B) strains were obtained from mitted to offspring. Since this test is based on parental transthe Cytogenetic Models Resource at The Jackson Laboratory. mission of chromosomes, each evaluated embryo contributes The W strain has been maintained on its own inbred backinformation on two (maternal and paternal) transmissions. ground, a combination of ‫%05ف‬ wild-derived Mus musculus doChi-square analyses were used to determine whether the mesticus and 50% laboratory mouse strain background (Davisson transmission of chromosomes from Rb heterozygous mice is and Akeson 1993). The B strain was derived by repeated influenced by: (1) sex of the transmitting parent, (2) sex of backcrossing to a C57BL/6J-Ei background. For analysis of the transmitting grandparent, or (3) parental strain (W or B). TRD, W mice were crossed to DBA/2J (D) and B mice were These tests assess the null hypothesis that transmission of the crossed either to C3H/HeJ (3) or to M. musculus castaneus (C) Rb and normal chromosomes from heterozygous mice is not to generate progeny heterozygous for the (7.18) Robertsonian influenced by the variable (i.e., parent sex, grandparent sex, chromosome. C3H/HeJ mice were substituted for M. m. castaor parental strain) of interest. A significant test result (i.e., P Ͻ neus in some crosses because the B ϫ C F 1 males were not 0.05) indicates that the transmission of the Rb chromosome by fertile and at the outset of this study we wished to test all cross heterozygotes is significantly associated with the variable of combinations (for example, B ϫ C as well as C ϫ B progeny) interest. Since these tests are based on parental transmission to take potential strain differences into account. Four out of of chromosomes, the available sample is twice the number of five of the parental strains were inbred laboratory mice (a embryos. All statistical analyses were performed using SAS combination of M. musculus ϫ M. m. domesticus) and one strain release 8.02. was a more genetically distant subspecies of M. m. castaneus (Beck et al. 2000) . Rb(7.18) heterozygotes of each strain combination were intercrossed and produced 1812 F 2 progeny that were harvested at 8.5 days post-coitum (dpc) in 364 timed RESULTS matings. This time point was chosen because this is the latest time at which phenotypically normal embryos with uniparental For example, the first data row of Table 2 summarizes sex of the transmitting grandparent and strain of the the data for mating type 1, which involved a strain W transmitting parent was examined separately for materdam with a maternally inherited Rb chromosome and nal and paternal transmissions. The sex of the transmita strain B sire with a maternally inherited Rb chromoting grandparent was not significantly related to transsome. The counts of Rb and normal chromosomes transmission of the Rb chromosome in either female mitted from these dams to their offspring (maternal ( 2 1 ϭ 0.19, P ϭ 0.66) or male ( 2 1 ϭ 0.12, P ϭ 0.73) transmissions) are summarized in columns 6 and 7.
Rb heterozygotes. The strain of the transmitting parent Column 8 provides the chi-square test statistic comparalso was not significantly related to transmission of the ing the transmission of Rb and normal chromosomes Rb chromosome in either female ( 2 1 ϭ 0.14, P ϭ 0.72) from these dams to their offspring and its associated or male ( 2 1 ϭ 0.06, P ϭ 0.80) Rb heterozygotes. P-value. Likewise the counts of Rb and normal chromoThe effect of the paternal strain on transmission of somes transmitted from these sires to their offspring the Rb chromosome from heterozygous females was ex-(paternal transmissions) are summarized in columns 9 amined, since the genotype of the sire can influence nonand 10, and column 11 provides the chi-square test random segregation of maternal chromosomes (Pardostatistic and its associated P-value. Analysis of the transManuel de Villena and Sapienza 2001b). However, missions from all Rb heterozygous females showed that there was no evidence that paternal strain (B vs. W) was the Rb chromosome was transmitted significantly less significantly associated with transmission of the Rb chrofrequently (0.46) than the normal chromosome (P ϭ mosome in heterozygous females ( 2 1 ϭ 0.13, P ϭ 0.72). 0.02). In contrast, when transmissions from all Rb heterozygous males were considered, the Rb chromosome was transmitted significantly more frequently (0.54) than DISCUSSION the normal chromosomes (P ϭ 0.02). In general, similar Female meiosis is characterized by asymmetrical divitrends were observed within the eight mating types.
sions that produce a single functional gamete per priHowever, the observed differences in the transmission mary oocyte. Conversely, male meiosis is characterized of the Rb and normal chromosomes often did not achieve by symmetrical divisions that generate four functionally statistical significance within these groups (Table 2) . equivalent gametes. Therefore, in females but not males, Considering transmissions from all heterozygous parnonrandom segregation of chromosomes may result ents, females were significantly less likely than males to from preferential transmission of homologous chromotransmit the Rb chromosome (0.46 vs. 0.54, 2 1 ϭ 11.15, P ϭ 0.0008). Because of this difference, the impact of somes into either the polar body or functional gamete (Pardo-Manuel de Villena and Sapienza 2001b), which Our data support the findings in mice that the Rb chromosome is transmitted significantly less frequently is the case for most multicellular eukaryotic organisms.
Robertsonian translocations and TRD in females:
Rb than the normal chromosomes in heterozygous females. A model to explain this distortion involves functional chromosomes can be passed either to normal heterozygous balanced progeny (via alternate segregation) or heterozygosity at the centromere structure that may result in different efficiencies of chromosome segregation to chromosomally unbalanced progeny (via adjacent segregation). Among the balanced progeny, Rb translo-(Pardo-Manuel de Villena and Sapienza 2001a). In the mouse, the functional heterozygosity of the centrocations from various mouse chromosomes have been shown to experience TRD through the female line meres derives from two active centromeres in the acrocentric chromosomes but only a single active centromere (Gropp and Winking 1981) . Unequal segregation in Robertsonian mice has been observed via karyotyping in the rearranged Rb chromosome (Pardo-Manuel de Villena and Sapienza 2001a). This may lead to nonranof oocytes and screening metaphase II spermatocytes (Tease and Fisher 1991) and first cleavage metaphase dom segregation at meiosis I (Pardo-Manuel de Villena and Sapienza 2001c). Since nonrandom segregazygotes (Aranha and Martin-DeLeon 1994). These studies also show preferential segregation of the Rb tion appears to be chromosome independent in mouse (Gropp and Winking 1981; Tease and Fisher 1991) , metacenteric to the polar body, leading to a deficiency of cells propagating the Rb translocation. Thus female the egg pole must be more efficient at capturing centromeres. This proposed mechanism of TRD resulting from mice heterozygous for Rb chromosomes display distortion of segregation with a prevalence of progeny with chromosome segregation inequalities is consistent with our data in females where there is a preference for normal chromosomes rather than with the translocation. Differences between male and female Rb heterozyacrocentrics to be passed on compared with the Rb chromosome. The egg pole is more efficient in capturgotes can be explained if the TRD in females originates at meiosis (Pardo-Manuel de Villena and Sapienza ing the two active centromeres or the polar body is more efficient at capturing chromosomes with single active 2001a,c). This is postulated to be due to the preferential distribution of the Robertsonian metacentric to the first centromeres of the metacentric structure. Differences in the frequency of nondisjunction between males and polar body. females for chromosome 7 (Underkoffler et al. 2002) 1993). Alternatively, alterations in chromatin as a result might suggest a correlation between centromere capturof the structural changes in Rb formation may cause ing efficiency and the influence of the centromere on epigenetic alterations that affect imprinting mechanisms. nondisjunction. Both Rb lines used here have been well
Since we detect preferential inheritance of the metacentric integrated into laboratory mouse strains via many crosses; chromosome compared to the acrocentrics, misexpreshowever, the Rb centromere may be of "feral origin" and sion of putative imprinted genes on the translocation the acrocentrics will be of laboratory origin, also possibly would be conferring a segregation advantage. introducing a source of centromere inequality.
Nonrandom segregation, genetic background, and paNonrandom chromosome segregation plays an imternal origins: We investigated the influence of strain portant role in karyotype evolution (Pardo-Manuel de background on the segregation of the Rb chromosome Villena and Sapienza 2001b). Acrocentric chromoby examining transmission from the various intersomes are predicted to be favored in species such as crosses. The strain of the transmitting parent for materthe mouse where the most efficient pole of the spindle nal and paternal transmissions was not significantly reis on the egg side of a meiotic division. Conversely in lated to transmission of the Rb chromosome in either humans the metacentric chromosomes should be fafemale or male Rb heterozygotes. Similarly since the vored where the most efficient pole of the meiotic spingenotype of the sire can influence nonrandom segregadle is on the polar body side of a meiotic division. Over tion of maternal chromosomes (Pardo-Manuel de Vilthe course of evolution, nonrandom segregation can lena and Sapienza 2001b) we investigated it in our result in species with either predominantly acrocentric data set. In these crosses there was no evidence that the or metacentric chromosomes with few species having paternal strain (B vs. W) was significantly associated with equal numbers of both (Pardo-Manuel de Villena transmission of the Rb chromosome in heterozygous and Sapienza 2001b). The feral Rb mouse populations females. that exist in western Europe and North Africa are an This analysis of the segregation in a large number of interesting in that they harbor stable inherited metaprogeny genotyped for parental origin of a (7.18) Rb centric fusions. chromosome produced some expected and some unexRobertsonian translocations and TRD in males: We pected results. These data support previous observations observed increased paternal transmission of the Rb in mice that Rb chromosomes are preferentially exchromosome. Nonrandom segregation in males is uncluded from the egg and a TRD in offspring from female likely to account for the observed TRD due to symmetriRb heterozygotes is observed. The observation that the cal divisions that give rise to sperm. Other possible exRb chromosome was transmitted significantly more freplanations include prezygotic selection of karyotypically quently from heterozygous males was somewhat unexdifferent sperm (Aranha and Martin-DeLeon 1991;  pected. This TRD must have resulted from a different Aranha and Martin-DeLeon 1994) or effects of a locus mechanism from that for female Rb heterozygotes, posthat mediates attachment of a chromosome to a spindle sibly from prezygotic selection of karyotypically different (Pardo-Manuel de Villena and Sapienza 2001b). The sperm or from imprinting problems. putative locus that is subject to a slight selective advan- 2002) attributable to a genomic imprinting-related mechanism. Mouse chromosome 7 in particular, but also chromosome 18 are known to harbor imprinted genes and LITERATURE CITED it is possible that some imprinted gene(s) may fail to be expressed properly and thus affect segregation of the
